Abstract The use of immunofluorescence (IF) and fluorescence in situ hybridisation (FISH) underpins much of our understanding of how chromatin is organised in the nucleus. However, there has only recently been an appreciation that these types of study need to move away from cells grown in culture and towards an investigation of nuclear organisation in cells in situ in their normal tissue architecture. Such analyses, however, especially of archival clinical samples, often requires use of formalin-fixed paraffin wax-embedded tissue sections which need addition steps of processing prior to IF or FISH. Here we quantify the changes in nuclear and chromatin structure that may be caused by these additional processing steps. Treatments, especially the microwaving to reverse fixation, do significantly alter nuclear architecture and chromatin texture, and these must be considered when inferring the original organisation of the nucleus from data collected from wax-embedded tissue sections. 
Abstract The use of immunofluorescence (IF) and fluorescence in situ hybridisation (FISH) underpins much of our understanding of how chromatin is organised in the nucleus. However, there has only recently been an appreciation that these types of study need to move away from cells grown in culture and towards an investigation of nuclear organisation in cells in situ in their normal tissue architecture. Such analyses, however, especially of archival clinical samples, often requires use of formalin-fixed paraffin wax-embedded tissue sections which need addition steps of processing prior to IF or FISH. Here we quantify the changes in nuclear and chromatin structure that may be caused by these additional processing steps. Treatments, especially the microwaving to reverse fixation, do significantly alter nuclear architecture and chromatin texture, and these must be considered when inferring the original organisation of the nucleus from data collected from wax-embedded tissue sections. (De Boni 1988) and a variety of bright-field staining (Barr and Bertram 1949) light microscopy techniques were important in laying the groundwork for an investigation of chromatin structure and nuclear organisation, it has been the more recent approaches of immunofluorescence (IF) and fluorescence in situ hybridization (FISH) that have been key to our increasing understanding of mammalian genome function and dysfunction in the nucleus. With a few exceptions (Solovei et al. 2009 ), this has been mainly done on nuclei prepared from cultured cell lines (Bolzer et al. 2005; Cremer et al. 2003; Boyle et al. 2001; Chambeyron and Bickmore 2004; Wiblin et al. 2005) , on primary cells prepared from the haematopoietic system of the animal (Kim et al. 2004; Osborne et al. 2007; Brown et al. 2001 Brown et al. , 2006 Brown et al. , 1997 or on primary cells isolated from disaggregated tissues ). These approaches have used both 2D and 3D FISH, and whereas gross features and general trends of nuclear organisation are preserved between these two methods, 3D FISH does better preserve chromatin architecture at the submicron-size scale (Croft et al. 1999; Morey et al. 2007; Eskeland et al. 2010 ). However, it still remains unclear to what extent the nuclear and chromatin organisation of cultured cell lines relates to the cells of origin from which these lines were established, or whether chromatin structure is altered as the cells habituate to survival and proliferation ex vivo. Similarly, the isolated myeloid and lymphoid cells of the haematopoietic system that have been studied are not typical of cells, e.g. epithelial cells, that are embedded within complex tissue architectures where cell-cell adhesion, cell polarity and cell-cell signalling may well impact on nuclear organisation, and this context is lost when such tissues are disaggregated. Therefore, there is a need to extend our understanding of nuclear organisation to cells in situ in a variety of tissues. Both IF and FISH require that nuclei be fixed and permeabilised, then DNA must also be denatured prior to FISH. By definition, these processes must alter chromatin structure at some level. Several studies have investigated the extent of this for cells grown in culture. Imaging of green fluorescent protein-tagged centromeres in the nuclei of living cells and then analysis of the relative position and morphology of these exact same centromeres after fixation in 4% paraformaldehyde (pFa) and also after 3D DNA-FISH with probes for centromeric DNA sequences have shown that, at the level of resolution afforded by light microscopy, any perturbations of nuclear organisation during such fixation and 3D FISH are small (Mahy et al. 2002; Kim et al. 2007) . Similarly, electron microscopy analysis of nuclei during the process of FISH suggests that large-scale (~1 MB) chromatin organisation is preserved, but that nuclear ultrastructure is disrupted (Solovei et al. 2002) .
Texture analysis can be used to quantitatively assess the variation in chromatin structures within the nucleus, by providing a measure of the unevenness, complexity and coarseness of chromatin staining derived from the distribution of grey levels in the pixel intensities. This approach has important applications since it has been used to try and distinguish normal from cancerous cells and to assess the grade of various cancers (Gil et al. 2002) . Various textural features have been used to evaluate chromatin staining, such as "granularity and heterogeneity" (Young et al. 1986 ), "entropy" Yogesan et al. 1996) , "textons" (Deligdisch et al. 1993) , "autocorrelation" (Deligdisch et al. 1999) , "fractals" (Einstein et al. 1998 ) and, more recently, contour complexity (Kiyuna et al. 2008) .
Although there has been limited FISH analysis of fresh-frozen tumour specimens (Lukasova et al. 2004) , archival samples of human tissue are most commonly available as formalin-fixed, paraffin waxembedded (FFPE) blocks, which can then be cut into sections for analysis. Both the strong fixation and the presence of the paraffin wax present additional challenges and complexities in preparing such samples for analysis by high-resolution light microscopy. Here we quantify changes in gross features of chromatin and nuclear organisation that occur in different cell types from two different human tissues with epithelial architecture, the mammary and thyroid glands, during the different steps of processing of tissue sections in preparation for FISH. We find that these treatments, though known to be effective in our hands, at producing good FISH signal (Chambeyron et al. 2005; Dundas et al. 2001; Wiech et al. 2005 Wiech et al. , 2009 Newsome et al. 2003; Solovei et al. 2009 ), significantly alter nuclear size, the distribution of chromatin at the nuclear periphery and the texture of chromatin. Moreover, the nature of these changes depends on the tissue architecture.
Materials and methods

Sample processing
Paraffin-embedded formalin-fixed sections of thyroid and breast tissue were cut from tissue blocks at 4-6μm thickness and mounted on slides. Sections on slides were heated at 60°C for 30 min and washed four times in xylene each for 10 min to remove the paraffin wax, followed by rehydration through an ethanol (EtOH) series, before washing and storing in dH 2 O prior to 4,6-diaminidino-2-phenylidole (DAPI) staining. Slides stopped at this stage were designated as x (xylene only). Other sections, cut from the same tissue block at the same time as those designated as x, were processed through xylene as above and then microwaved for 27 min (thyroid) and 25 min (breast), respectively, in 0.1 M citrate buffer (pH 6.0), cooled, then rinsed and stored in dH 2 O prior to DAPI staining (xm). Further sections from the same tissue block were processed up to the xm stage and were then washed in 0.005% pepsin/0.01 M HCl at 37°C for 12 min, rinsed in PBS, then 2× sodium saline citrate (SSC) and dehydrated through an EtOH series and air-dried prior to DAPI staining (xmp). Finally, for slides being processed as for FISH, sections processed up to the xmp stage were then incubated at 75°C for 5 min in 2× SSC, denatured for 3 min at 75°C in 70% formamide/2× SSC, plunged into ice-cold 70% EtOH for 3 min, dehydrated through an EtOH series and air-dried (xmpf).
Image acquisition
For visualisation of chromatin after each appropriate step, slides were mounted in Vectashield (Vector) containing 1 μg/ml DAPI and visualised using a Zeiss Axioskop fluorescence microscope with Plan apochromat objectives (NA 1.4), a 50-W Hg source (Carl Zeiss, Welwyn Garden City, UK) and Chroma #83000 triple band pass filter set (http://www.chroma.com/ products/catalog/80000_Series/83000v2, Chroma Technology Corp., Rockingham, VT, USA) with the excitation filters installed in a motorised filter wheel (Ludl Electronic Products, Hawthorne, NY, USA). A piezoelectrically driven objective mount (PIFOC model P-721, Physik Instrumente GmbH & Co, Karlsruhe, Germany) was used to control movement in the z-dimension. 3D image stacks were captured at 0.25 μm intervals through the z-axis with a Hamamatsu Orca AG CCD camera (Hamamatsu Photonics (UK) Ltd, Welwyn Garden City, UK). Hardware control, image capture and analysis were performed using in-house scripts written for IPLab Spectrum (Scanalytics Corp, Fairfax, VA, USA). Images were captured at a binning of 1 pixel=0.067 μm.
Image analysis 3D images were deconvolved using the no neighbour (single image) or nearest neighbour (three images) algorithm of Hazebuster (Scanalytics Corp, Fairfax, VA, USA). To quantify the distribution of peripheral compact chromatin, we assessed the proportion of DAPI staining present in each of five shells, of approximately the same area as defined by the segmented DAPI image, eroded from the edge of the nucleus into the nuclear centre in single mid-plane deconvolved images of nuclei .
We used contour length analysis to quantify chromatin texture in single mid-plane deconvolved images of the nuclei. We "extracted" the segmented nuclear area from a given image-i.e. set pixel values outside the nucleus to 0, leaving pixel values inside the nucleus unchanged. Because, de facto, contour length must increase as nuclei become larger (Kiyuna et al. 2008) , the contour length at each threshold value (L i ) was normalized to the nuclear contour length at intensity threshold of 0 (L * ), to produce a value for the contour complexity (cc) given by the equation:
where:
L i : contour length at threshold i L * : contour length of original nucleus I C : 1 if condition C holds, 0 otherwise Thus, the chromatin contour length at 0 intensity thresholding=1 and at maximum intensity thresholding (256)=0.
The significance of differences in measurements between samples was assessed in the Minitab statistical software package, using the non-parametric Mann-Whitney U test.
Results
Pre-treatments for FISH can distort nuclear size and shape Typical approaches that have been taken to prepare paraffin-embedded tissue blocks for use in FISH include removal (clearing) of the wax using the organic solvent xylene and heating, e.g. by microwaving, to retrieve epitopes masked by fixation and to increase DNA probe access (Chambeyron et al. 2005; Dundas et al. 2001; Wiech et al. 2005 Wiech et al. , 2009 Newsome et al. 2003; Solovei et al. 2009 ; http://www.ihcworld.com/ epitope_retrieval.htm). Whilst this is adequate in some instances for freshly embedded tissue, archival specimens also require treatment with proteases prior to denaturation of DNA (Wiech et al. 2005 (Wiech et al. , 2009 ).
We investigated other methods for antigen retrieval that do not involve heat, e.g. HCl (http://www.ihcworld. com/_protocols/epitope_retrieval/hcl.htm) or protease treatments, but these did not give reliable FISH signals in comparison to microwaving.
To determine how nuclear morphology might be affected by these processing steps, we analysed the pattern of DNA counterstaining with DAPI in 3D image stacks from human thyroid or mammary gland sections that had been treated just with xylene (x), xylene followed by microwaving (xm), xylene-microwaving and pepsin treatment (xmp) or finally fully processed sections that had then been denatured as if subject to FISH (xmpf; Figs. 1a and 2a). After image deconvolution, the dimensions of the DAPI-stained nuclei were taken from an image in the mid-plane of the z-axis.
The thyroid gland has a simple tissue architecture composed of the epithelial follicular cells that secrete thyroid hormone, which from a single-layered cuboidal epithelium, and the parafollicular C cells that synthesis calcitonin. The diameters of the perpendicular axes of the equatorial nuclear profiles were recorded, with the x-axis being the axis parallel to the basement membrane for the epithelial follicular cells of the thyroid (arrowed in Fig. 1a) , or the longer axis for parafollicular C cells (double-headed arrow in Fig. 1a) . The y was the axis perpendicular to the basement membrane and was usually the short axis. The shapes of the nuclei were determined from the x/y ratio. The significance of changes in these values between treatments was assessed with a non-parametric Mann-Whitney U test.
For C cells, microwaving after xylene treatment resulted in significantly increased nuclear size in the x and especially the y-dimensions compared to xylene treatment alone, resulting in an overall rounding of nuclear shape (decreased x/y ratio; Fig. 1b) . No further significant change in size or shape was seen with subsequent protease treatments. There were insufficient numbers of C cells in the sections to analyse by FISH. For the follicular epithelial cells of the thyroid, microwaving also significantly increases nuclear size along the x-and y-axes (Fig. 1c) accompanied by a significantly more rounded nuclear shape compared to the epithelial nuclei in the xylene-only treated sections. Subsequent protease treatments then decreased the y-axis dimensions compared to those seen in xylene-microwaved samples, resulting in a return to a more elongated nuclear shape. Finally, the FISH process decreased the length of epithelial follicular cells along the x, but not the y-axis. Changes in nuclear morphology induced by treatments were less extensive and quite different in the more complex stratified epithelium of the mammary gland compared to the thyroid. For the basal (myoepithelial) cell layer (arrowed in Fig. 2a) , there was no significant change in size along the x-or y-axes during the processing steps from xylene to xmp (Fig. 2b) . We consider this likely reflects the constraints imposed on these cells by their attachment to the basement membrane on one side and their position underlying another epithelial layer-the luminal cells-on the other side. The processing as for FISH did significantly decrease the width (y) of these cell nuclei, but not their length (x). For the luminal epithelial cell themselves (double-headed arrow in Fig. 2a) , microwaving resulted in a small, but significant, decrease in nuclear size along both the x-and y-axes (Fig. 2c) .
Pre-treatments for FISH change chromatin texture
Analysis of changes in chromatin architecture, at the level of both light and electron microscopy, has indicated that the steps of FISH, especially heat denaturation, alter chromatin ultrastructure, though larger-scale structures (at the level of~1-Mb subchromosomal domains) are not detectably perturbed (Solovei et al. 2002) . It has been noted that the DAPI counterstaining of nuclei appears more blurry after FISH also indicating an alteration of chromatin structure at the local level (Kim et al. 2007 ). Any changes in chromatin structure that may occur during the pre-FISH processing steps of paraffin waxembedded have not been studied.
Images, taken at 0.25 μm steps through the z-axis of DAPI-stained nuclei (Fig. 3a) , were subject to deconvolution to minimize the contribution of out-offocus information to the subsequent analyses (Fig. 3b) . Examination of these deconvolved DAPIstained images during tissue processing stages revealed subjective changes in chromatin texture (Fig. 3c, d ). In particular, there was a loss of crispness in the staining induced by microwave treatments. For luminal epithelial cells of the mammary gland, the peripheral heterochromatin also became less apparent during processing (Fig. 3c ). This layer of compact chromatin around the nuclear edge was more prominent in the thyroid epithelial cells and, although less distinct, was still visible even after FISH pre-treatments (Fig. 3d) .
To quantify the loss of peripheral compact chromatin during tissue processing, we assessed the proportion of DAPI staining present in each of five shells eroded from the edge (shell 1) into the centre (shell 5) of single mid-plane images of nuclei from basal and luminal cells of the breast epithelium and from thyroid epithelial cells (Fig. 4 ; Boyle et al. 2001) . This showed that the relative proportion of DAPI-stained chromatin at the nuclear periphery of mammary gland epithelial cells declined steadily as samples were processed through wax removal (x), epitope retrieval (xm), protease (xmp) and FISH (xmpf) steps, especially for breast luminal cells. There was also a detectable decline in the more prominent peripheral chromatin layer of thyroid epithelial cells and a subsequent redistribution of DAPI-stained chromatin away from the nuclear periphery and towards the centre, but this did not occur until the protease treatment step.
We have described that contour complexity analysis can be used to provide a quantitative measure of chromatin texture that is more sensitive than other features used previously, such as the fractal dimension (Kiyuna et al. 2008) . In this analysis, the segmented DAPI-counterstained grey-scale image of a nucleus is analysed at a range of intensity thresholds, and the contour length of the resulting segmented images is measured. The chromatin contour length at 0 intensity thresholding=1 and at maximum intensity thresholding (256)=0 (Fig. 5a ). If DAPI staining is uniform across the nucleus, then the contour length decreases with increasing threshold intensity, but if the staining is more irregular and complex in texture, then the contour length increases within particular windows of intensity thresholds and the normalized contour length can even be >1 (Fig. 5a, b) .
We used this method of analysis to quantify any changes in chromatin texture that accompany the various processing steps of FFPE sections from normal thyroid and mammary epithelia. Single midplane deconvolved images of the nuclei were subject to contour length analysis. The contour length at each threshold value was then normalized to the nuclear contour length at intensity threshold of 0, to produce a value for the cc (Kiyuna et al. 2008) . Cc was also measured in the corresponding images before deconvolution to make sure that any changes in cc value during the steps of tissue processing were not just a reflection of the deconvolution process itself. As expected, given the removal of out-of-focus signals, deconvolution did increase the cc of each image, but this was seen at each tissue processing step and so did not influences conclusion drawn by comparing images at different tissue processing steps.
For mammary epithelial cells, there was drastic loss of contour complexity in chromatin texture during microwave treatment and then a further decrease during pre-treatments for FISH (Fig. 6a) . Thyroid epithelial cells behaved differently in that contour complexity apparently increased during microwaving, before decreasing during the subsequent protease processing step (Fig. 6b) . We consider this likely due to the large increase in nuclear size of these cells during these processing steps (Fig. 1c) that is not seen for mammary epithelial cells. This could provide extra spatial resolution in which to detect changes in chromatin texture. To assess this, we divided the measured contour complexity of cells at each step of pre-treatment by a simple measure of nuclear size-xy (nuclear diameter along the x-axis multiplied by diameter along the y). This clearly showed (Fig. 6c) Fig. 3 Visualisation of chromatin texture during tissue processing. a Grey-scale images of DAPI-stained nucleus from the luminal epithelium of normal mammary gland after xylene treatment to remove wax. Images are taken (i to xvi) at 0.25 μm intervals through the z-axis of the nucleus. Scale bar=2 μm; b as in a but after image deconvolution to remove out-of-focus information; c single plane deconvolved images of DAPIstained nuclei from luminal cells of the mammary gland epithelium after treatments with; xylene (x), xylene + microwaving (xm), xylene + microwaving + protease (xmp) and as for fish (xmpf). Scale bar=2 μm; d as in c but with nuclei from the epithelium of the thyroid gland that once changes in nuclear size are accounted for, the contour complexity of chromatin is indeed reduced in all cells as they proceed from the xylene step to the microwave step (xm) and then to treatment with proteases (xmp).
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Discussion
We have used DAPI staining to investigate how the treatments required to obtain good FISH signals within the nuclei of cells in FFPE tissue sections, themselves might affect nuclear and chromatin organisation in terms of overall nuclear size/shape, chromatin organisation in the nucleus and chromatin texture. The most damaging pre-treatment generally appears to be the use of microwaving to reverse the formalin fixation. Whereas pFa fixation of cells grown ex vivo in culture uses short (typically 10 min) time periods of fixation, which are easily reversed during FISH to enable probe penetration and DNA denaturation, the embedding of tissues typically involves fixation in formalin for much longer time periods, typically overnight or up to 24 h. In the simple epithelium of the thyroid gland, microwaving results in increased nuclear size along the x but especially the y-axis of both the epithelial and C cells, the cells apparently being free to expand in size into the space of the large lumen of the gland (Fig. 1) . The consequences of microwave pre-treatment are completely different in the more complex stratified epithelium of the mammary gland. There is no detectable change in nuclear size in the basal myoepithelial cells (Fig. 2) , which are in contact with the laminin-rich basement membrane to one side, the layer of cuboidal luminal epithelial cells to the other side and with each other laterally. Thus, the tissue architecture may constrain their expansion. The luminal cells of the mammary gland face the lumen of the duct and are not in contact with the basement membrane, but do make lateral cell-cell homotypic interactions. These cells also show no increased nuclear size upon microwaving in contrast to the thyroid epithelium cells. Indeed, they show a small but significant decrease in nuclear size. However, the nuclei of luminal mammary epithelium cells are already larger in volume than those of the thyroid and appear tightly packed together, and this may affect their response. Pre-treatments also seem to lead to a gradual loss of peripheral heterochromatin as judged visually (Fig. 3) and by assessing the proportion of DAPI staining in the most peripheral shell of the nucleus (Fig. 4) . This is especially pronounced in luminal cells. Thus, the radial organisation of chromatin in thyroid epithelium seems more robust to microwave treatment than that in mammary gland epithelium. Finally, chromatin texture as measured by contour complexity is degraded during pre-treatments, particularly microwave treatments of mammary epithelial cells (Fig. 6a) . The apparent increase in contour complexity of thyroid epithelial cells during this step (Fig. 6b) we show is due to the increase of nuclear size of these cells induced by microwave treatment (Fig. 1c) . Once normalized to nuclear size, the contour complexity of chromatin is indeed reduced in all cells as they proceed from the xylene step to the microwave step (xm) and then to treatment with proteases (xmp; Fig. 6c ).
Investigation in cultured cells has been very productive in illuminating how nuclear organisation can control gene expression, and in some cases, features of altered nuclear organisation uncovered in ex vivo systems seem to faithfully reflect changes occurring in cells in vivo in the developing organism (Chambeyron et al. 2005) . However, some dramatic cases of tissue-specific altered nuclear organisation have only been uncovered by studying cells in their correct tissue context and at specific points in development (Solovei et al. 2009 ). Indeed, tissue Contour length analysis as a measure of chromatin texture. a Graphs showing the relationship between the normalized chromatin contour length (contour length/nuclear contour) and increasing intensity threshold (θ) for examples of (left) rather homogeneous chromatin staining/low complexity and for (right) irregular chromatin texture/high complexity; b three-dimensional visualisation of the data in a for intensity thresholds set at 100 and 150. As in a, example images on the left are for low complexity chromatin texture and on the right for high complexity. Adapted from Kiyuna et al. 2008 architecture itself probably plays a direct role in controlling chromatin structure and nuclear organisation and so affects gene expression and the differentiation state of epithelial cells (Chandramouly et al. 2007; Jolivet et al. 2005; Le et al. 2007; Kim et al. 2005) . Even with the advent of more molecular biomarkers, histological and cytological analyses remain linchpins of cancer diagnosis, with changes in nuclear size, shape and chromatin texture being used to diagnose tumour type, stage and grade (Zink et al. 2004) . If a better understanding of the molecular basis of cancer could be married with a high-resolution cellular approach to examination of the cancer phenotype, then this might lead to better diagnostic criteria. However, this will likely involve the quantitative analysis of FISH images of biopsies, and hence, an understanding of how nuclear parameters in these clinical specimens are altered by the pre-treatments for FISH is crucial to the interpretation of such data. Our study shows that, whilst FISH will undoubtedly continue to be useful for examining nuclear organisation in cells in situ, the interpretation of the results of such experiments must be considered alongside how the different tissue processing steps involved may alter gross features of nuclear architecture and chromatin organisation and that different cell types might respond differently due to constraints imposed upon them by their tissue architecture. Whilst in this study we have used DAPI to counterstain DNA, it may well be worth investigating whether other methods of DNA detection reveal similar or different levels of chromatin changes during sample processing steps. Although the study of nuclear organisation in FFPE sections by FISH has not so far revealed any major discrepancies with data collected from studies in cells grown ex vivo in tissue culture (Chambeyron et al. 2005) , this may become more of a problem as analyses move to higher levels of resolution with the advent of new sub-diffraction methods of light microscopy (Schermelleh et al. 2008 ).
